Here we present the design of the fast-ion collective Thomson scattering (CTS) receiver for millimeter wave radiation installed at ASDEX Upgrade, a tokamak for fusion plasma experiments.
we measure the sum of ECE background and CTS signal. The difference between the two levels is the CTS signal. During the phases in which the gyrotron is on, one additionally has to deal with gyrotron stray radiation that is several orders of magnitude stronger than the signal to be detected. CTS, as well as other diagnostics using millimeter waves, is well-suited for the strongly radiative environments of ITER or future fusion reactors [19] [20] [21] . A CTS diagnostic has been enabled in ITER and will allow detection of the energy distribution of alpha particles in the burning plasma of ITER [22] [23] [24] .
In this paper we will discuss the design and performance measurements of the main components of the CTS receiver installed on AUG. AUG is equipped with dual frequency 1 MW gyrotrons (105 GHz and 140 GHz) which are operated at 105 GHz for CTS experiments [25, 26] . The radiation from the gyrotron is launched into the plasma via a quasi-optical transmission line consisting of five reflectors and an electrically long, circular, overmoded waveguide. The receiver collects part of the scattered radiation via a similar 2 quasi-optical transmission line. After the quasi-optics the scattered radiation enters a circular horn antenna which is tapered down to a single-mode circular waveguide. Then we use a circular-to-rectangular waveguide converter to guide the radiation further into the heterodyne microwave receiver. A schematic of the AUG CTS receiver is shown in Fig. 1 . All components are placed in an electrically shielded box, called "AUG CTS box" in Fig. 1 . The radiation enters the horn antenna and passes through the RF line (red in Fig. 1 ) consisting of the horn antenna, two notch filters (General Atomic), a bandpass filter (ELVA-1, BPF-10/104/8), a lowpass filter (ELVA-1, LPF-10/112), a voltage controlled variable attenuator (ELVA-1, VCVA-10/105/2), and an isolator (ELVA-1, IF-10). Then the RF signal enters the mixing 3 stage where the signal is heterodyned to intermediate frequencies (IF) . The local oscillator (LO, ELVA-1, CIDO-08/95. 5/20) , the mixer (ELVA-1, BM-08/95. 5/14.5) , and a wideband low-noise amplifier (LNA, Mini-Circuits, ZVA-183) are placed in a shielded compact copper box, called "Mixer-LNA box" (dark blue in Fig. 1) , in order to screen out LO signals. The IF signal at the LNA output is divided using a four-way power divider and three bandpass filters into three frequency bands. Each of the three frequency bands is furthermore equipped with a cascade of two IF amplifiers, the first is an LNA (Miteq AFS4) and the second is a power amplifier (PA, Miteq-AFSD6). These components are located in a shielded box that is called "Triband box" shown in blue (Fig. 1 ). The fourth branch in the triband box is used for auxiliary purposes only. After the triband box the IF signal is fed to the filterbanks A (4.5 -9 GHz), B (9 -10 GHz), and C (10 -14.5 GHz) and divided into a total of 50 channels using bandpass filters and power dividers. Filterbanks A and C have 20 channels each whereas filterbank B has 10 channels. In each channel, the power after the bandpass filter is converted to a DC voltage using a square-law detector diode. The voltage is recorded using a 24 bit analog-to-digital converter (ADC).
Before plasma discharges with CTS experiments, the receiver is calibrated. The receiver views eccosorb at liquid nitrogen temperature and at room temperature, giving two calibration points. If possible, a third calibration point can be taken by viewing a resonance in the plasma in X-mode. Here the plasma temperature must then be available from an independent measurement.
In the following we will discuss performance measurements of each component in the order the radiation encounters them on its way through the receiver: The notch filters, the bandpass and lowpass filters, the VCVA, and the isolator in the RF line (Sec. II), the mixer and the LNA in the mixer-LNA box (Sec. III), the power divider, bandpass filters, and amplifier chains in the triband box (Sec. IV), the filterbanks (Sec. V), and finally the diodes (Sec. VI). We will conclude with a measurement of the spectral response of the entire receiver and compare it with the expectation based on the individual component measurements (Sec. VII). Our conclusions are drawn in Sec. VIII.
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II. COMPONENTS IN THE RF LINE
The RF line contains two notch filters in cascade, a bandpass and a lowpass filter, a VCVA, and an isolator (see Fig. 1 ). In this section we discuss these components. Radiation entering the RF line via the horn antenna encounters first two cascaded notch filters. Their stopband center frequency f 0 is tuned to the gyrotron frequency 104.95 GHz. Gyrotron stray radiation is suppressed whereas scattered radiation in the range 100-110 GHz passes on either side of the stopband [27] [28] [29] [30] [31] [32] . The attenuation of each notch filter is more than 50 dB in the stopband as shown in Fig. II . The insertion loss is about 2 dB in most of the passband. We define insertion loss (IL) as the ratio between received (port 2) and inserted power (port 1) in dB, i.e. IL = −20 log 10 |S 21 | in terms of two-port S-parameters. This is the well-known S-parameter S 21 with a negative sign. The attenuation of both notch filters is stronger for frequencies above 108 GHz, such that the attenuation at 110 GHz is about 10 dB. This is due to the selected cavity diameter and the ratio between the cavity diameter and the cavity length that place the cavity resonances close to the upper range of the desired passband (∼110 GHz) and thereby introduce additional attenuation.
The 3 dB bandwidth of notch filter A is around 280 MHz and that of notch filter B is around 250 MHz. For a bandwidth of 130 MHz centered at 104.95 GHz, we find that the stopband attenuation is more than 54 dB for notch filter A and more than 52 dB for notch filter B. Due to the fact that the gyrotron probing beam is considerably stronger compared with ECE levels, we need two notch filters in cascade to damp the gyrotron stray radiation to the level of the ECE. High incoming power can saturate or even damage active components in the receiver. Radiation at the horn antenna is only a fraction of the available gyrotron power (∼600 kW or 88 dBm), so if for example 0.1% (58 dBm) of the gyrotron power enters the horn antenna, the power at the output of notch filter B will be less than -48 dBm. Since a dynamic range more than 70 dB for signals in W-band is not easily measured with present network analyzers, we use two matched notch filters with stopband attenuation in the range 50 -60 dB each to assure sufficient attenuation of the gyrotron stray radiation.
The next component along the RF line is the bandpass filter. Plasmas radiate in a wide range of frequencies, also below 100 GHz. As our LO frequency is about 95.5 GHz, radiation at 81 -91 GHz will be mixed to the same IF frequencies as radiation at 100 -110 GHz. The RF bandpass filter has a passband that covers the range 100-110 GHz but suppresses the image response at 81 -91 GHz more than 70 dB as shown in Fig. II . The bandpass filter has an opening (low damping) at around 140 GHz which is unfortunate since AUG plasmas are frequently heated by electron cyclotron resonance heating with gyrotrons at 140 GHz.
A low-pass filter is installed in the RF line after the bandpass filter to block stray radiation from these 140 GHz gyrotrons. The transmission characteristic of the bandpass filter has also been measured. The attenuation at 140 -200 GHz is more than 25 dB whereas the insertion loss at 100 -110 GHz, the relevant frequencies for CTS, is in the range 2.5-3 dB.
The cut-off frequency of the lowpass filter is 112 GHz.
The next component in the RF line is the VCVA. In CTS experiments the gyrotron is frequently modulated: 2 ms on / 2 ms off. During the switching phases the gyrotron chirps so that for a short time the gyrotron frequency, though at power levels much lower than maximum, is outside the stopband of the notch filters [13] . Gyrotron stray radiation would then bypass the notch filters and enter the receiver which could lead to gain compression of the IF amplifiers. We place a VCVA in front of the mixer to attenuate the signal during the gyrotron switching phases. While the VCVA is in closed mode, it will attenuate the input signal by approximately 40 dB. In the open mode the VCVA will introduce approximately 2 dB insertion loss (see Fig. II ).
The last component in the RF line is the isolator which is used to damp back-reflections and prevent spurious signals, for example from the LO, from leaking back into the RF line.
The isolator will minimize standing waves in the RF line at the cost of additional insertion loss that we measure to be in the range 1-2 dB. in dB) because the return losses at connecting ports of each component are low, i.e S 11 and S 22 more than 15 dB are considered to be matched. We define return loss (RL) as the ratio between reflected and inserted power in dB, i.e. RL in,out = −20 log 10 |S 11 | ≈ −20 log 10 |S 22 | at input port 1 and output port 2, respectively. Such reflections are low since the connecting waveguide ports have the same dimensions implying that the characteristic impedance is the same. We therefore assume that we can predict transmission characteristics reliably if we just know S 21 . In the passband range outside the deep notch, we measure an insertion loss of about 9 dB at frequencies below 108 GHz and up to 26 dB in the frequency range 108 - 110 GHz.
III. MIXER AND IF BROADBAND AMPLIFIER
After the isolator the radiation in the W-band range enters the mixer in the mixer-LNA box (Fig. 1 ). The mixer down-converts the radiation from W-band to the IF band. The IF is chosen at frequencies lower than the RF input since the sharpness of the IF filters determines how good different channels are separated in frequency. The mixer is pumped by an IMPATT diode [33] LO at 95.51 GHz with 13 dBm output power. The RF input power where the 1-dB compression point appears at the IF output is around 0 dBm. The mixer conversion loss is defined as difference between output and input powers evaluated at the IF and RF ports, respectively. The conversion loss is measured using a frequency multiplier (× 6, i.e. at the sixth harmonic, RPG AFM6-110) driven by a signal generator (Rohde & Schwarz, SMR20), and the output power is measured at the IF port using a power meter (Agilent Technologies, E4416A). The measurements are presented in Fig. 6 . We find the conversion loss to be almost constant in the range 5 dB to 6 dB for the RF input in the 8 range 100 -110 GHz. The isolator will partly prevent LO self-mixing since any fraction of the LO signal leaking into the RF port will to a large part be absorbed in the isolator. Any unabsorbed part will be reflected back into the mixer RF port causing DC signals at the IF output port. Therefore a DC-block is integrated at the IF port of the mixer. In order to reduce the receiver noise figure (NF), an IF broadband amplifier is placed right after the mixer IF port in the mixer LNA-box and is the first stage of amplification.
It covers the full CTS IF spectrum from 4.5 to 14.5 GHz with amplification of about 26 dB as shown in Fig. 7 . The amplifier gain has been tested for several input powers for the frequency range from 2 to 15 GHz and is confirmed to vary only by 1 to 2 dB in all cases.
The noise figure is in the range from 3.0 to 5.5 dB. The 1 dB compression point is about 0 dBm input power which is orders of magnitude higher than the power expected during CTS experiments.
The broadband amplifier is expected to operate linearly in the IF range from 4.5 to 14.5 GHz. However, second harmonics generated from signals between 4.5 and 7.25 GHz can erroneously be interpreted as CTS signals between 9 and 14.5 GHz. Therefore the generation of second harmonics has been measured for various input power levels, as seen in Fig. 8 . The second harmonic is suppressed by more than 40 dB (relative to the fundamental) at low frequencies (2 to 6 GHz) and low input powers (-30 to -15 dBm). At high frequencies (8) (9) (10) (11) (12) and high input powers (-10 to 0 dBm), the suppression is more than 25 dB, but the frequency range of the second harmonics (16-24 GHz) is outside the reception spectrum of the receiver and does not interfere with the CTS signal. Input power higher than -30 dBm is unlikely during CTS experiments, so we expect to have at least 45 dB suppression of the second harmonic in the IF frequency range. We can determine the total noise factor F chain from the horn antenna to the output of the IF broadband amplifier and further to the four-way power divider using Friis' formula [34] for cascaded two-port devices.
where F 1 is the noise factor of stage 1 and G av,1 is the available power amplification from stage 1 and similarly for stage 2, 3 and further on. The terms on the right-hand-side of Eq. (1) are expressed in linear scale. The noise factor of the RF line together with the mixer (RF to IF), F 1 , is equal to the system loss, i.e. for passive components F 1 = G −1 av,1 . F 2 and G av,2 represent the noise factor and available gain of the broadband LNA, respectively. F 3 is the loss of the four-way power divider discussed in Sec. IV. Eq. (1) can be simplified to
When the noise factor F chain is converted to dB by NF dB = 10 log 10 F chain , we refer to it as noise figure. 
IV. TRIBAND BOX
After the IF radiation has passed the first stage of amplification, it enters the triband box which splits and further amplifies the IF signal as shown in Fig. 1 . The first component in the triband box is the four-way power divider leading to three branches consisting of each a bandpass filter (Micro-Tronics) and a two-stage amplifier chain. The fourth branch is used for auxiliary measurements. The insertion loss of the four-way power divider is in the range from 6.5 to 7.5 dB over the frequency range 4.5 to 14.5 GHz. The insertion loss covers the inevitable loss of 6.0 dB due to four-way power splitting and 0.5 to 1.5 dB due to frequency dependent loss in the microstrip lines. The triband box splits the radiation into three frequency bands; a low band (4.5 -9 GHz), a mid band (9 -10 GHz), and a high band The main reason for dividing the receiver line into three separate frequency bands is the different spectral power density ranges of the detected radiation. We expect larger spectral power densities in the range ±500 MHz around the gyrotron frequency corresponding to scattering from bulk ions. Therefore our mid branch is 1 GHz wide while the two neighbor branches, where less radiation is expected, are each 4.5 GHz wide to cover the expected CTS frequency range. Another advantage of dividing CTS band into 3 sub-bands is channel protection of the low and high branches in the case of strong gyrotron stray radiation. That way only the mid branch is at risk to saturate while the low and high branches will be unaffected assuming the mixer is not saturated. The attenuators shown in Fig. 1 in each of the three bands are used to adjust the signal levels and to prevent standing wave arising between the amplifiers.
We investigate the linearity of the amplification in the triband box at different frequencies ( Figs. 13-15 ). Since the slopes of the curves in Figs. 13-15 are unity, the response of the triband box is linear for input powers up to -40 dBm evaluated at several frequencies of interest in each of the three bands. Figure 16 shows the gain of the triband box in the IF frequency range (4.5 to 14.5 GHz) for an input power of -60 dBm. The low band is relatively flat with a gain in the range from 36 to 39 dB; the mid band is reduced in bandwidth due 13 to the bandpass filter and has a gain in the range from 47 to 48.5 dB; and the high band has the largest gain variation in the range from 46.5 to 54 dB. Electrical properties of the seven amplifiers in the receiver are shown in Tab. I. In case we receive a broadband signal with increasing power level at the horn antenna, the components will saturate in the following order: the three PA's right before filterbanks A, B, and C, the three LNA's driving the PA's, the mixer, and finally the broadband LNA driven by the mixer. These results are found by calculating the power budget at the input port of each component. We have measured all microwave components from the horn antenna down to the output ports of the bandpass filters in the 50 channels. Using this measured data we can calculate the gain through the CTS receiver. Figures 17-19 shows the gain for a few representative channels in their relevant frequency ranges. The suppression of radiation at frequencies outside their prescribed passbands is more than 70 dB.
VI. SQUARE-LAW DETECTOR DIODES
The final stage of our interest in the AUG CTS receiver are the square-law Schottky detector diodes (Herotek, High sensitivity zero bias Schottky detectors) that are connected 
19
VII. CHARACTERIZATION OF THE RECEIVER
The receiver performance can be investigated by applying a single frequency signal at the input of the RF line and measuring the output at the 50 ADC channels. We use a setup with a frequency multiplier, a signal generator, and two variable attenuators to construct a tunable RF signal source. The frequency multiplier is driven by a signal generator used in the range from 16 to 18.5 GHz in 2.5 MHz steps. The multiplier outputs are single frequency signals in the range 96 to 111 GHz in 15 MHz steps with a total power varying from 4 to 6 dBm. The output power from the frequency multiplier is too high for testing purposes, so we need to attenuate it with at least 50 dB before it enters the RF line. For this purpose we use two attenuators, the first one (Hughes) is tunable while the second (Flann) is set to maximum attenuation. We performed separate calibrations since W-band attenuators are not necessarily linear for each frequency or setting option. The experimental setup is shown in Fig. 22 . During the experiment we vary the signal power by using the variable attenuator (Hughes) and the frequency by tuning the signal generator, and we record the readings on the ADC's at each channel. A second way to characterize the receiver is to increase the power and monitor the 
VIII. CONCLUSIONS
The individual components of the CTS receiver at ASDEX Upgrade and their performance characteristics are presented. The receiver uses a heterodyne scheme, i.e. converts signals in the W-band down to IF signals in a down-mixing stage. We find losses in the range 10 to 26 dB in the receiver RF line which is sometimes inevitable due to filtering requirements. The mixer has conversion losses in the range from 5 to 6 dB which adds to the receiver noise figure. The down-converted IF signal is amplified and divided into three bands using three bandpass filters in the triband box. There are two further amplifiers in each branch of the triband box, making it seven amplifiers in total. Thereby every branch has three amplifiers in cascade of which the first one is common for all three branches. The amplifiers have gain in the range from 24 to 46 dB and power output at 1 dB gain com- The characterization of the individual components allows us to calculate the receiver response to RF signals at various frequencies. This expectation of the receiver response is compared with the measured receiver response. To measure the entire receiver response, we use a signal generator and a frequency multiplier as a tunable single frequency signal source and a variable attenuator to control the output power. A scan with varying RF frequency and power has been performed. The measurement of the entire receiver response agrees reasonably well with the expectation based on the individual component measurements within a factor of about 3.5. In both measurement methods we find that the voltage response across channels is not flat and can vary by several volts. Generation of harmonics in the mixer or amplifiers and radiation leakage are well suppressed in the present CTS receiver design.
We have calculated the sensitivity as function of input power for all 50 channels for measurements as well as for the expectations. For the channels with low amplification, the sensitivity is relatively constant. For most of the channels, we find that the sensitivity is in the range from 0.5 to 3 V/nW for the measurements and expectations. With these 23 results we find it acceptable to use individual component measurements to predict the overall performance of the CTS AUG receiver. 
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